Canine distemper is characterized mainly by respiratory, enteric, and nervous symptoms. Infection of the central nervous system results in demyelination, to which inflammation has been shown to contribute significantly. It (48). In brief, the cerebella of newborn dogs were aseptically removed immediately after euthanasia with an overdose of phenobarbital and were dissociated by chopping and repeated aspiration through 10-ml glass pipettes. The brain cell suspension was seeded in 10-cm plastic petri dishes (Falcon; Becton Dickinson Labware, Basel, Switzerland) containing 10 ml of Dulbecco modified Eagle medium (GIBCO, Basel, Switzerland) with 10% fetal calf serum, 250 U of penicillin per ml, and 1 ,ug of streptomycin per ml. Eight round glass cover slips 22 mm in diameter were attached to the bottoms of the petri dishes with silicon grease. The cultures were kept at 37°C in a CO2 incubator (5% C02, 95% air). The culture medium was changed every 4 days. In some experiments, heparinized and anesthetized pups were perfused intracardially with Hanks balanced salt solution (HBSS) to wash the blood from the brain blood vessels, thus minimizing the presence of circulating blood monocytes in the brain cell cultures.
Canine distemper is caused by a morbillivirus closely related to measles virus. Demyelination in the central nervous system is a well-known consequence of infection with canine distemper virus (CDV) (19, 23) . Initially, demyelinating lesions occur in the absence of inflammation and are associated with viral replication in the glial cells of the white matter (43) . Some animals develop chronic lesions in which inflammation becomes an important feature (38, 41, 46) . Wisniewski et al. (46) noted that inflammatory lesions in the white matter are far more destructive than the initial noninflammatory demyelination. These authors proposed an "innocent bystander cell" mechanism as the cause of the chronic lesions and suggested that macrophages have an important effector role in this process. More recent studies have shown that inflammation in distemper coincides with the intrathecal production of antiviral antibodies (44) and with virus clearance from the brain (3) . Taken together, the findings by Wisniewski et al. (46) and our own observations suggest that the antiviral immune response in which brain macrophages are important effector cells may contribute to brain tissue damage in chronic canine distemper.
Cell cultures derived from brain tissue contain numerous macrophages, also referred to as microglial cells. These cells have been shown to possess various functions that are also found for macrophages isolated from other tissues or derived from cultured monocytes. In particular, brain macrophages have Fc receptors on their surfaces and show strong phagocytic activity (8, 9, 15, 20, 32, 33, 47) . They can be induced to express major histocompatibility complex type 2 antigens (39) and can be stimulated to release mediators such as interleukin-1 (14, 16) and tumor necrosis factor (13) . Recently, rat (7, 15) and mouse (36) brain macrophages have been reported to produce reactive oxygen species (ROS) upon stimulation with a variety of agents, e.g., phorbol myristate acetate (PMA), opsonized zymosan, and antibodycoated bovine erythrocytes.
It was shown previously that certain viruses (e.g., Sendai * Corresponding author.
virus) are capable of activating the production of ROS in phagocytic cells directly, i.e., by binding to the plasma membranes of phagocytes (25, 27, (28) (29) (30) (48) . In brief, the cerebella of newborn dogs were aseptically removed immediately after euthanasia with an overdose of phenobarbital and were dissociated by chopping and repeated aspiration through 10-ml glass pipettes. The brain cell suspension was seeded in 10-cm plastic petri dishes (Falcon; Becton Dickinson Labware, Basel, Switzerland) containing 10 ml of Dulbecco modified Eagle medium (GIBCO, Basel, Switzerland) with 10% fetal calf serum, 250 U of penicillin per ml, and 1 ,ug of streptomycin per ml. Eight round glass cover slips 22 mm in diameter were attached to the bottoms of the petri dishes with silicon grease. The cultures were kept at 37°C in a CO2 incubator (5% C02, 95% air). The (37) for viral antigens by using a monoclonal antibody against the nucleoprotein of CDV (3) . Astrocytes were detected with a polyclonal antiserum to glial fibrillary acidic protein (Dakopatts, Copenhagen, Denmark), and oligodendrocytes were stained with antiserum to myelin-associated glycoprotein (48) . Macrophages were detected by examining their ability to form rosettes with immunoglobulin G (IgG)-coated erythrocytes (40) . Bovine erythrocytes were opsonized with rabbit IgG to erythrocyte stroma (Nordic Immunological Laboratories, Tilburg, The Netherlands) as described for sheep erythrocytes (21) In some experiments the erythrocyte-rosetting or Nitro Blue Tetrazolium assays were combined with immunocytochemical staining for glial fibrillary acidic protein or myelinassociated glycoprotein in uninfected cultures and for CDV antigens in infected cultures.
Subcultures derived from primary brain cell cultures. Macrophages were isolated from primary brain cell cultures as described elsewhere (12, 16) . In brief, uninfected and infected primary brain cell cultures grown in 160-cm2 tissue culture flasks (Costar, Mullingar, Ireland) were agitated on a rotary shaker (120 rpm for 30 min) 10 to 14 days after seeding and 3 to 4 weeks after infection, respectively. The supernatant was removed and centrifuged at 300 x g for 10 min at room temperature. The pellets were suspended and seeded in petri dishes containing cover slips. Nonadherent cells were removed after 30 min of sedimentation, and the remaining cells were identified with the erythrocyte-rosetting and Nitro Blue Tetrazolium assays. CDV-infected macrophages were stained simultaneously for virus antigens by means of the immunocytochemical methods described above.
Preparation of stimulating agents used in chemiluminescence assays. (i) Opsonized zymosan. Zymosan A (Sigma Chemical Co., St. Louis, Mo.) was mixed with 1 ml of fresh bovine serum and incubated at 37°C with continuous shaking for 30 min. After four washes in PBS by centrifugation at 1,000 x g and 4°C for 10 min, the pellet was resuspended in 1 ml of PBS and stored at -20°C.
(ii) PMA. PMA (Sigma) was dissolved in dimethyl sulfoxide at a concentration of 1 mM and further diluted in PBS as required.
(iii) CDV antibodies. Serum samples were obtained from three dogs after experimental infection with CDV strain A75/17 (42) and from one dog immunized with CDV strain Onderstepoort. Sera contained moderate to high titers (48 to 186) of neutralizing antibodies against CDV. Nonimmune sera served as the controls. IgG was purified by affinity chromatography with protein A-Sepharose (Pharmacia, Dubendorf, Switzerland) and by subsequent concentration by membrane ultrafiltration (PM 10; Amicon Corp., Wallisellen, Switzerland). The IgG fractions were pepsinized to obtain the F(ab')2 fragments by using the method of Fey et al. (11) . Protein concentrations of intact IgG and F(ab')2 fractions were adjusted to 8 and 4 mg of PBS per ml, respectively. IgG and F(ab')2 samples were stored at -20°C.
(iv) Immune complexes. Complexes of virus and antiviral antibody were prepared with CDV A75/17 propagated in primary dog brain cell cultures and purified by sucrose density gradient centrifugation (18 (42) . The samples were then incubated for 1 h at 37°C and kept at -20°C until used.
Rabbit antiserum to dog IgG F(ab')2 was purchased from Nordic. For chemiluminescence (CL) assays, all serum samples described above and all antibodies [IgG, F(ab')2, and immune complexes] were used at a final dilution of 1:100. The final concentration of opsonized zymosan was 100 ,ug/ml. PMA was used at end concentrations of 10-6 to 10-8 M. Sendai virus was added at 375 to 1,500 hemagglutinating units per vial, and CDV was added at 105 50% tissue culture infectious doses per vial. IgG-coated erythrocytes were incubated at a target (erythrocyte)-to-effector (brain cell) ratio of 20:1.
Hemadsorption assay for Sendai virus. Sendai virus, grown, purified, and titrated as described elsewhere (29), was added to the primary brain cell cultures and macrophage subcultures at a concentration of 375 hemagglutinating units per cover slip. After incubation for 10 min at 37°C, the cultures were rinsed five times with HBSS. To detect cell-associated virus, human erythrocytes suspended in PBS were added (107 erythrocytes per cover slip). After 15 min, nonadherent erythrocytes were washed away with PBS. Fixation of cultures was followed by staining for astrocytes and oligodendrocytes.
CL assay. Uninfected cell cultures were assayed for CL from day 0 through day 45 of culture. Light emission of infected cultures was measured when a near-confluent infection (as monitored by microscopic inspection) was established, usually between 3 and 4 weeks after infection. To prepare brain cell cultures or subcultured macrophages for CL assays, the cover slips were removed from the petri dishes and washed three times with PBS. The cover slips were then transferred to 25-mm glass scintillation vials (Tewis, Berne, Switzerland) containing 1.5 ml of HBSS with 5 mM glucose and 5 ,uM luminol (5-amino-2,3-dihydro-1,4-phthalazinedione; Sigma). In some experiments, 10 (48) . Throughout the culture period, 1 to 5% of the total cell population was identified as macrophages by a rosetting assay with IgG-coated erythrocytes. The macrophages were located mainly on top of the astrocyte layer (Fig. 1A to E) . The majority of cells binding erythrocytes had the sombrerolike appearance described by Frei et al. (12) ; ramified-type macrophages (8, 13, 15) were only infrequently seen. IgG-coated erythrocytes did not bind to astrocytes and oligodendrocytes (Fig. 1B and C) . Formazan granules were detected only in erythrocyte rosetteforming macrophages.
(ii) Infection of primary brain cell cultures with CDV. As described previously (50) , the infection spread relatively slowly in the cell cultures and was noncytolytic. A nearly confluent infection was observed 3 to 4 weeks after infection. The majority of the macrophages forming rosettes with IgG-coated erythrocytes were infected 14 to 21 days after infection. Some of the infected macrophages and astrocytes underwent cell fusion, with formation of syncytia. Infected macrophages showed an increased tendency to form cell processes. At the advanced stages of infection, many macrophages were superimposed on and therefore were in close contact with other infected cells (Fig. IE) . The number of macrophages decreased during the infection.
(iii) Subcultures derived from primary mixed brain cell cultures. Subcultures of primary brain cell cultures consisted of more than 95% macrophages as enumerated in the rosetting assay. In uninfected subcultures, macrophages were round and had ruffled cell membranes. In contrast, CDVinfected macrophages were flattened, with little ruffling of the cell membranes, and often contained intracytoplasmic vacuoles (Fig. 1D) . Many macrophages derived from infected primary cultures had become large and multinucleated in subculture as a result of CDV-induced cell fusion.
CL experiments. (i) Uninfected brain cell cultures. When exposed to opsonized zymosan, cultured dog brain cells produced CL similar to that described for cultured mouse brain cells (36) . The burst of CL reached its maximum 5 to 10 min after the addition of zymosan and thereafter decreased slowly (data not shown). In contrast, addition of IgG-coated erythrocytes to the cultures resulted in a slower increase in light emission, with a peak at 30 to 40 min (Fig. 2) . The kinetics of CL induced by PMA depended on the concentration of the stimulant: PMA at 10-6 M evoked CL peaking within 2 to 4 min (Fig. 3) , whereas maximum light emission induced by 108 M PMA was reached between 30 and 40 min. Azide used at concentrations up to 100 FxM failed to inhibit CL induced by PMA and zymosan. Elimination of blood from the brain by perfusion with HBSS before preparation of the cell cultures had no effect on the outcome of the CL experiments. The response to the CL-inducing agents increased with the age of the cultures, reaching a plateau between days 16 and 30 that was followed by a decline until day 45, when the experiment ended (data not shown). Sendai virus at concentrations of 375 to 1,500 hemagglutinating units per vial failed to evoke a burst of CL. To exclude the possibility that the failure to respond to Sendai virus was due to a lack of binding, we carried out a hemadsorption assay which detects cell-associated hemagglutinin. Microscopic examination of the cultures revealed that erythrocytes bound almost exclusively to macrophages (results not shown).
(ii) CDV-infected brain cell cultures. Infected cell cultures retained their ability to release ROS in response to all agents that were active in uninfected cultures, though with lower intensity (see Fig. 6 for the effect of zymosan). Inspection of the cultures showed that infection also led to a decrease in the number of macrophages. In infected but not in uninfected cultures, CL could be induced by adding CDVspecific immune serum (Fig. 4) . Serum from unimmunized dogs failed to evoke CL in both uninfected and infected cultures (Fig. 4) . The strongest CL response was obtained in the advanced stages of CDV infection of the culture, usually between 3 and 4 weeks after infection. Antiviral IgG induced a CL response similar to that of immune serum, while F(ab')2 fragments prepared from antiviral IgG failed to evoke CL (Fig. 5) . However, CL was stimulated when rabbit anti-dog IgG was added to such cultures after washing off unbound F(ab')2. In this experiment, the Fc portion of rabbit antibody bound to dog anti-CDV F(ab')2 was responsible for CL induction. This indicated that the lack of CL induction observed with dog anti-CDV F(ab')2 alone was not due to the failure of F(ab')2 fragments to bind to the viral antigen but reflected the role of the Fc portion in cell activation (Fig. 5) . The rabbit antibody to dog IgG alone did not induce significant CL.
(iii) CL of subcultured macrophages. Subcultured uninfected and CDV-infected macrophages were seeded at a density of 10,000 to 50,000 cells per cover slip, thus avoiding contact between individual cells. These cultures produced CL with kinetics similar to those of primary brain cell cultures when triggered with opsonized zymosan (Fig. 6) , PMA, and IgG-coated erythrocytes (data not shown). In addition, macrophages generated a burst of CL when stimulated with virus-immune complexes but not virus or immune serum alone (Fig. 7) .
DISCUSSION
The results demonstrate that antiviral antibodies stimulate production of ROS in cultured dog brain cells infected with CDV. The mechanism of ROS production depends on viral antigen expressed on the surfaces of infected cells linked with Fc receptors on macrophagelike responder cells. Production of ROS in response to antiviral antibody was assessed by measuring luminol-dependent CL. This highly sensitive technique reflects the generation of various ROS (1) . Others have shown that light emission closely reflects the formation of 02-in cultured rat and mouse brain cells (14, 36) . Because cell cultures derived from the brains of newborn animals are composed of several cell types, it was important to define the cellular origin of ROS in our system. Several observations argue against the small possibility that we were measuring a signal emanating from leukocytes present in brain blood vessels and not removed at the time when the cultures were prepared. (i) Inspection by light microscopy failed to provide any evidence for the presence of blood leukocytes in the cultures when the experiments were performed. (ii) Perfusion with HBSS before the cultures were established failed to decrease CL in cultured dog brain cells, and the CL signal increased rather than decreased during the culture period. (iii) The CL signal was largely resistant to azide, an inhibitor of myeloperoxidase and eosinophil peroxidase (A. Jorg, J. M. Pasquier, and P. Portmann, Experientia 35:936, 1979 cytochemical and rosetting assays. The macrophages were clearly positive in the Nitro Blue Tetrazolium assay when stimulated with PMA. Most important, however, antibodycoated erythrocytes formed Fc receptor-dependent rosettes with macrophages only. Since these erythrocytes also stimulated a burst of ROS in brain cell cultures, the rosetting assay clearly identified macrophages as the source of ROS production triggered by antibody. It is of particular interest that Sendai virus bound predominantly to these cells but failed to evoke CL. Since the CL of blood monocytes is largely sensitive to inhibition by azide, this suggests that the brain macrophages responsible for the generation of ROS are not directly derived from blood monocytes. virus on the other (Fig. 4 and 5 ). Virus-immune complexes are capable of activating the generation of ROS in macrophages (Fig. 7) . However, in the experiments represented in Fig. 4 (4) . In antibody-dependent cytotoxicity mediated by mouse macrophages, ROS are known to contribute to target cell killing (26) , and toxic effects of ROS have also been demonstrated in innocent bystander cells exposed to human tnacrophages (34) . Since inflammatory demyelination in chronic distemper coincides with intrathecal production of anti-CDV antibodies, our observations in vitro support the hypothesis that tissue damage in chronic distemper results from an innocent bystander mechanism rather than directly from the antiviral immune response.
The mechanism of demyelination observed in these dogs is of particular relevance to this hypothesis. Oligodendrocytes, the cells forming myelin, degenerate without evidence of viral replication (49, 50 antigens also activates other regulatory and effector functions in brain macrophages, such as the production of monokines (e.g., tumor necrosis factor and interleukin-1). It may be that an array of effector functions damage uninfected tissue and thus cause "autotoxicity" (31) . In fact, ROS have been shown to degrade phospholipids in brain cortical slices (5) , to damage myelin membrane proteins (22) , and to play a role in the aging of myelin (6) . Moreover, tumor necrosis factor was recently shown to mediate myelin and oligodendrocyte damage in vitro (35) . Additional 
